Background The conventional method for assessing the prevalence of Global Acute Malnutrition (GAM) in emergency settings is the 30 Â 30 cluster-survey. This study describes alternative approaches: three Lot Quality Assurance Sampling (LQAS) designs to assess GAM. The LQAS designs were field-tested and their results compared with those from a 30 Â 30 cluster-survey.
Introduction
In emergency settings, humanitarian workers must rapidly detect areas where a population's health and survival are at risk. Due to the close association between acute malnutrition prevalence and crude mortality rates, 1 the prevalence of acute malnutrition among children 6-59 months can be used as an indicator of elevated risk. Governments, donors and relief agencies often use a predetermined threshold of acute malnutrition to judge whether a response is justified and to guide the level of aid provided. WHO's classification scale defines the severity of malnutrition in a community based on the prevalence of wasting [Weight-for-Height-Z-(WHZ)-score <À2 Standard Deviations (SDs)]: Acceptable: <5%; Poor: 5-9%; Serious: 10-14%; Critical: 515%. These thresholds can be used to guide the implementation of selective and general feeding programmes. 2, 3 Global Acute Malnutrition (GAM) is defined as WHZ-score <À2 SDs and/or bipedal oedema. [4] [5] [6] In emergency settings, governments and international agencies often apply the WHO thresholds to GAM in lieu of wasting. In these situations, the primary concern is to detect areas with a GAM prevalence 10% or above in order to determine where food aid is needed. In emergency settings, the prevalence of GAM needs to be assessed quickly, accurately, and often times repeatedly, to determine when and where to start and stop humanitarian aid. The most common approach for assessing GAM is a two-stage 30 Â 30 cluster-survey 7 -which can be time-consuming and expensive. Alternative, less time-and resource-intensive sampling approaches are needed to rapidly identify areas requiring humanitarian assistance, thereby saving lives and resources. One of the most frequently used quality control statistical methods in international health is Lot Quality Assurance Sampling (LQAS). 8 This article examines three adaptations of LQAS to assess GAM and other child-level indicators in food-insecure settings. Earlier sample-size and precision limitations of LQAS for GAM assessment are addressed. 9 A field-test of the LQAS designs was conducted in the Siraro woreda of Ethiopia in June 2003 during a period of heightened food insecurity, at a time when the government used GAM thresholds to help prioritize woredas for food aid. The LQAS designs were administered simultaneously alongside a conventional 30 Â 30 cluster-survey, using a nested sampling approach. This article describes the LQAS designs and compares the results of those designs with the 30 Â 30 cluster-survey-in terms of point estimates and 95% CIs for GAM and other child-level indicators, classification results for GAM thresholds of 10, 15 and 20%, and the amount of time required for data collection.
Methods

LQAS principles
Cumulative binomial probabilities are used in LQAS analyses to detect if a critical threshold has been reached for an indicator.
To design an LQA sampling plan, the threshold of interest for an indicator (e.g. GAM prevalence), and tolerable statistical error (alpha and beta) are defined a priori. LQAS is an hypothesis test to determine whether the outcome is 5 or < the defined threshold. The alpha error is the probability of incorrectly classifying an area as not being at risk when the true GAM prevalence is 5 the threshold of interest. The beta error is the probability of incorrectly classifying an area as being at risk when the true GAM prevalence is < the threshold of interest. LQAS uses two thresholds, an upper and a lower threshold, to define the alpha and beta errors. The upper threshold is a GAM prevalence at which an area is at risk (e.g. 515%). This is the threshold the data are tested against. The lower threshold is the GAM prevalence at which an area would not be considered a priority for an intervention (e.g. 410%). The alpha error is calculated for the upper threshold and the beta error for the lower threshold.
The null hypothesis assumes the GAM prevalence is 5 the upper threshold. To classify GAM prevalence as 5 or < the upper threshold, the number of children with GAM is counted and then compared against a Decision Rule (DR) determined using binomial probabilities. 8, 10 We judge GAM prevalence as 5 the upper threshold if the number of children with GAM in the sample is > the DR and judge GAM prevalence as < the upper threshold if the number of children with GAM is 4 the DR.
To illustrate how LQAS is applied in international health settings, assume a design with a sample size of 198, a 15% upper threshold, 10% lower threshold, alpha error 40.10 and beta error 40.20. If more than 23 (DR) children are malnourished, the area is judged to be at risk (GAM 515%). If 23 or less children are malnourished, we conclude the area is not at risk (GAM <15%).
GAM sampling design and protocol
GAM prevalence is estimated using a specific sampling protocol. Traditional LQAS requires a simple random sample (SRS) of households and one randomly sampled interviewee per household. 11 In contrast, the sampling protocol to obtain an unbiased estimate of GAM in emergency settings requires that every child 6-59 months in a sampled household be measured. 5, 6, 12 A two-stage 30 Â 30 cluster-survey is most commonly used. 7 The standard method involves selecting 30 clusters by Probability Proportional to Size (PPS) and the first household within each cluster by a random method such as spinthe-bottle. Subsequent households to be sampled within a cluster are typically selected by proximity to the first random household selected. 5, 6, 12 Data collected by the 30 Â 30 clustermethod are clusters of children within households as well as clusters of households within clusters. In short, this means the children selected to obtain an unbiased estimate of GAM are not a SRS-they are clusters. Therefore, one cannot assume that LQAS can be used for analysing GAM. By using computer simulations, we investigated whether the DRs derived from binomial probabilities were accurate when GAM was assessed using data collected in small clusters. Different population sizes as well as different intra-cluster correlations (0, 0.25 and 0.5) were used in the simulations. These intra-cluster correlation levels represent the GAM correlations that could occur from sampling multiple children in a household as well as from sampling multiple households within a cluster. Results from the simulations revealed that for an intra-cluster correlation of 0.25, the alpha error ranged from 0.045-0.057 and the beta error ranged from 0.258-0.287, when data were collected in households having one to six children 13 (Table 1) . In other words, small cluster-sizes of size two to six had errors similar to a SRS of the same size for GAM thresholds of 10, 15, and 20%. Three LQAS designs were developed from those simulation results: (1) 33 Â 6 (33 clusters, six children in each cluster); (2) 67 Â 3; and (3) a 67 Â 3 sequential design. The designs use the smallest sample-sizes possible to detect GAM upper thresholds of 10 and 15% (with lower thresholds of 5 and 10%, respectively), while maintaining alpha errors 40.10 and beta errors 40.20. The designs can also detect a GAM upper threshold of 20% (with lower threshold of 15%) with slightly larger errors (alpha 40.13, beta 40.24). 13 The latter threshold was relevant to Ethiopia, given the emergency classification scale used by the Government. 14 In addition, the 33 Â 6 and 67 Â 3 designs provide point estimates and 95% CIs for GAM and other child-level indicators.
The sequential design uses a multi-stage sampling plan which allows GAM thresholds to be detected before the full sample has been collected. The design can be used when the GAM threshold is defined a priori and point estimates for GAM and other child-level indicators are not desired. The full sample plan is based on the 67 Â 3 design (67 clusters, three children in each cluster), however, the design allows for data analysis once a minimum sample-size of 25 is attained. To allow for multiple hypothesis testing, the sequential design uses lower errors (alpha 40.01, beta 40.05) for DRs at the smaller sample-sizes. 13 Once the clusters are selected by PPS, the clusters can be sampled in any order. Sampling stops when one can make a reliable classification about the GAM threshold of interest. If the number of malnourished children is neither sufficiently high nor sufficiently low, a classification cannot be made about the threshold and sampling continues. Up to four hypothesis tests can be conducted over the course of the sampling while still conforming to overall error limits of alpha 40.10 and beta 40.20. 16 Agencies working in the area suspected elevated GAM prevalence and that a priority situation existed.
Assessment site
Sampling methodology
To assess the situation in Siraro, Catholic Relief Services (CRS), a relief and development agency implementing programs in Ethiopia, in collaboration with the FANTA Project managed by the Academy for Educational Development (AED), administered a conventional 30 Â 30 cluster-survey in accordance with the Government of Ethiopia's emergency nutrition survey guidelines. 14 The 33 Â 6 and 67 Â 3 designs were administered simultaneously using the same questionnaires and a nested design. The data collected for the 67 Â 3 design were also used for the sequential design. The clusters (PAs) in the 30 Â 30 cluster-survey and the 67 Â 3 design were selected independently from the same sampling frame of PAs using PPS sampling. The first 30 clusters of the 33 Â 6 design were the 30 clusters selected for the 30 Â 30 cluster-survey. The last three clusters were selected using PPS from among the clusters sampled for the 67 Â 3 design. During data collection, two of the PAs selected for data collection were inaccessible. Replacement clusters were selected from PAs on the basis of close proximity and similar population size.
All children 6-59 months in a household were included in the study and measured using standard anthropometric methods. 14, 17 To randomly identify the first household to be sampled in each cluster, the spin-the-bottle method was used. 12, 14 Subsequent households in a cluster were selected by geographic proximity. This sequence of household selection continued until the minimum prescribed sample-size for the cluster of each design was attained. If a PA was selected as a primary sampling unit by more than one survey design, the data were shared across survey designs, until the sample-size required for the cluster of a given design was attained.
Data management
To collect data for this study, 15 interviewers (five interview teams) were hired. The teams received 35 h of training. During data collection (June 4-11 2003), three technical advisors provided supervision and technical support.
For the time study, the teams used an odometer to record the distance travelled from the base camp to the first cluster for each work-day and used a stopwatch to record the time required to complete each survey. Additional data collected by one technical advisor included the amount of time required to: (i) arrive at the first randomly selected household in each cluster, (ii) walk the distance between households, and (iii) complete each segment of travel. To calculate the time required for data collection, average measures of time expenditure were applied to the cluster and sample-size specifications of each design.
Data were checked for out-of-range and missing-values and entered (June 5-13 2003) using SPSS V7.0. Identical data cleaning and transformation procedures were applied to the 30 Â 30, 33 Â 6 and 67 Â 3 data sets. Anthropometric Z-scores were calculated using the 1978 NCHS growth references and the EpiNut sub-routine of Epi-Info 6.04. Children with out-of-range anthropometric values flagged by Epi-Info were excluded from analysis, unless bipedal oedema was present. 18 The data cleaning resulted in some clusters having less than the prescribed sample-size. Also, certain clusters were larger than the planned design since the sampling protocol called for data to be collected on all children 6-59 months in a sampled household. Oversized clusters were treated by randomly eliminating the excess number of cases. The final sample-size of the 30 Â 30, 33 Â 6 and 67 Â 3 designs was 871, 195 and 194, respectively. To treat unequal cluster-sizes within designs, data were weighted inversely proportional to the achieved sample-size during point estimate calculations. The 30 Â 30 cluster-survey data were analysed using the CSample sub-routine of Epi-Info 6.04 which calculated the design effect for GAM (DE ¼ 2.175) and other child-level indicators. Because computer simulations revealed the errors associated with GAM to approximate those of a SRS for the 33 Â 6 and 67 Â 3 designs, 13 accounting for design effects for GAM was not essential. The primary analysis of GAM prevalence for the 33 Â 6 and 67 Â 3 data sets was therefore conducted using SPSS V12.0. For this analysis, the data were not weighted. To perform a test of the SRS assumption, a secondary analysis of GAM prevalence was also conducted on the 33 Â 6 and 67 Â 3 data, using CSample-the same analysis method applied to the 30 Â 30 cluster-data. All other indicators for the 33 Â 6 and 67 Â 3 designs were analysed using the Epi-Info CSample sub-routine.
Results
Point estimate analysis
The prevalence of GAM from the 33 Â 6 and 67 Â 3 designs found estimates of 6.7% (CI ¼ 3.2-10.2%) and 8.2% (CI ¼ 4.3-12.1%), respectively. The results are similar to the 30 Â 30 cluster-design which estimated a GAM prevalence of 7.4% (CI ¼ 4.8-9.9%). The CSample analysis of GAM prevalence for the 33 Â 6 and 67 Â 3 data produced results similar to those which assumed a SRS ( Table 2) . As evidenced by the overlapping CIs, indicators related to child morbidity and vaccination status also yielded similar results across all designs (Table 3) .
GAM threshold analysis Table 4 shows the DRs used to test the 33 Â 6 and 67 Â 3 designs for the 10, 15 and 20% GAM thresholds. GAM was found in 13 children in the 33 Â 6 design (n ¼ 195) and in 16 children in the 67 Â 3 design (n ¼ 194). With DR ¼ 23, both designs indicate the GAM prevalence is <15% (Table 4) . The assessment of whether the 10% threshold had been reached (DR ¼ 13) yielded mixed results across designs. The 33 Â 6 design indicates the GAM prevalence is <10%, whereas the 67 Â 3 design indicates the GAM prevalence is 510%. The sequential design shows GAM classification results consistent with those of the 67 Â 3 design. Our analysis indicates that judgments could be made before all the data were collected. Analysis by cluster reveals that sufficient information was available to judge GAM prevalence <20% after cluster 13 (n ¼ 39). After cluster 38 (n ¼ 113) GAM prevalence could be judged <15%. The judgment of GAM prevalence 510% was possible after cluster 61 when 14 of 177 children exhibited GAM (Table 5) .
Data collection time
Analysis of the time expenditure data showed, on average, two clusters in the 30 Â 30 design could be completed by one interview team (three people) in a 12 h work day (30clusters/2 per day x 3 people = 45 person days). A 12 h work day was therefore assumed for all time estimation calculations. Our analysis shows the time required for the 30 Â 30 clustersurvey and the three LQAS designs ranged from 5.22 to 45.00 person-days (Table 6 ). These time expenditure results are valid for this study only. Results would vary according to the geography, infrastructure and prevalence of malnutrition in the area sampled.
Discussion
This study compared three new LQAS designs with the 30 Â 30 cluster-design commonly used for emergency nutrition surveys. Across designs the following results were compared: point estimates and 95% CIs for GAM and other child-level indicators, classification results for GAM thresholds of 10, 15 and 20%, and time required for data collection. Similar point estimates and comparable CIs for GAM and other child-level indicators were found from the 30 Â 30, 33 Â 6 and 67 Â 3 designs. The CIs for the 33 Â 6 and 67 Â 3 designs are only slightly wider than those of the 30 Â 30 design for most indicators tested; yet, the LQAS designs required substantially less time when compared with the 30 Â 30 cluster-survey. The CSample analysis of GAM prevalence showed the 33 Â 6 and 67 Â 3 designs to conform generally to the SRS assumption. The slightly inflated design effect (>1.000) for the 33 Â 6 design is likely related to the reduced sample-size. Although this study showed inconsistent classification results for the 33 Â 6 and 67 Â 3 designs at the 10% threshold, this is probably <5  >17  <9  >24  <14   40  118  9  >10  <5  >17  <9  >24  <14   59  171  13  >13  <9  >23  <15  >33  <23   60  174  13  >13  <9  >23  <16  >33  <23   61  177  14  >13  <9  >23  <16  >33  <24   62  180  14  >13  <9  >23  <16  >33  <24   63  183  14  >13  <9  >23  <17  >33  <24 a All DRs use a 5 percentage point difference between upper and lower GAM thresholds.
NA ¼ Not Applicable-Sample-size is too small to make a decision about the threshold within the defined limits of errors. due to the normal amount of error associated with surveys.
Computer simulations have shown the statistical error associated with the 33 Â 6 and 67 Â 3 designs to be similar across designs at each GAM threshold. 13 The most critical limitation of the study is the nested sample design. Ideally, data for each design should be sampled independently to allow for stricter comparison of results between designs. In addition, comprehensive time expenditure data would have been preferable. In this study, only one person (who rotated teams) collected time data related to driving, spin the bottle and walking household to household; with five teams working, one sample of time data may not represent all their efforts.
Despite these limitations, the LQAS designs described here can contribute to the methodological toolkit of humanitarian agencies. The 33 Â 6 and 67 Â 3 designs provide alternatives to the more time-consuming 30 Â 30 cluster-survey. While alternative sampling methods may allow for a more precise CI for estimating GAM prevalence, the trade-off is a greater samplesize and more time for data collection than required by the 33 Â 6 and 67 Â 3 designs. The results from this study indicate the CIs for the LQAS designs are only slightly wider than the 30 Â 30 design. However, because LQAS decision rules are based on binomial probabilities, in cases where the CI of a GAM point estimate overlaps a threshold for determining humanitarian action, the LQAS designs can be used for hypothesis testing, to make a decision about action. The LQAS decision rules minimize the alpha error so that the risk of not detecting a GAM threshold is small (40.10), providing programme managers with a useful tool to decide whether resources should be moved into an area. Furthermore, in comparison with a 30 Â 30 cluster-survey, the LQAS designs are faster to implement, requiring fewer resources to obtain the information needed for action.
The results from this study show the 33 Â 6 and 67 Â 3 designs provide point estimates and 95% CIs similar to those of a 30 Â 30 cluster-survey for child-level indicators, and that the LQAS designs can be administered in a fraction of the time required by the 30 Â 30 cluster-survey.
Humanitarian organizations and public health practitioners need no longer be confined to using the slower 30 Â 30 cluster-survey for assessment of acute malnutrition. The 33 Â 6, 67 Â 3 and sequential designs are less time-intensive sampling approaches, allowing for rapid identification of areas requiring humanitarian assistance. 
